The hypothesis that life originated by a process of slow chemical evolution has been the basis of many attempts to synthesize biochemical molecules under simulated primitive earth conditions. Since the primitive atmosphere is believed to have been strongly reducing, consisting essentially of the hydrides of hydrogen, carbon, nitrogen, and oxygen,'-3 experiments have been directed toward the synthesis of organic compounds from mixtures of simple hydrides.4-6 Among the many products obtained under a variety of conditions were amino acids and purines, which can be regarded as precursors of proteins and nucleic acids.
. striking fact revealed by these experiments is the importance of hydrogen cyanide as a reaction intermediate, shown most clearly by experiments carried out in the laboratories of Miller, Calvin, and Oro'. Miller7 obtained amino acids and other products by passing electrical discharges through mixtures of hydrogen, methane, ammonia, and water. Hydrogen cyanide and aldehydes were shown to be direct products of the discharge. Calvin and Palm6 used high-energy electrons to bombard similar mixtures of gases, obtaining hydrogen cyanide and adenine among the products. Oro' and co-workers5' 8 treated hydrogen cyanide with aqueous ammonia and obtained amino acids and adenine, as well as a black polymer. This polymer was assumed to be the well-known but not well-characterized polymer which forms spontaneously from hydrogen cyanide in the presence of basic catalysts.9 The base-catalyzed polymerization of hydrogen cyanide also yields a tetramer, sometimes formed as the sole product,10 which has only recently been characterized unequivocally as 1,2-diaminomaleonitrile.11 ' 12 Because of the symmetry of this structure, Kliss"3 postulated that the tetramer is formed by the dimerization of a bivalent carbon species, aminocyanocarbene,14 according to the following mechanism: electrons are now unpaired, is a function of the lifetime and structure of the carbene. Chemically, the two species can be distinguished by differences in their reactions.
In terms of molecular orbitals, monocyanocarbenes are structurally similar to propargylene, a biradical species first studied by Skell and Klebe. 16 The energy content of propargylene and of monocyanocarbenes is lowered by the delocalization of the unpaired electrons over the three centers possessed by each species.
Propargylene
Monocyano-t-carbene
This delocalization acts as a driving force for the decay of the s-carbene to a biradical form. However, because of the difference in the electronegativities of carbon and nitrogen, the monocyanocarbene can further decay to a reactive 1,3-biradical form.
R{:-C-N R-C=C=CN In considering reactions in the reducing atmosphere of the primitive earth, it is reasonable to suppose that at an early stage the gases present were methane, ammonia, and hydrogen and that water was present as a solid on the cold surface of the earth. '9 20 In the rarefied upper layers of such an atmosphere, subjected to intense ultraviolet radiation, energetic species would have been formed, including radicals of the type :CH2, .CH, -NH2, : NH, H, -CN, etc., which are well-known spectroscopic species, such as have been detected in the heads and tails of comets.7' These simple, excited species would interact to form complex, metastable species, including the biradical forms of hydrogen cyanide dimer. In such a rarefied atmosphere, these species would have a considerable lifetime and would be present in significant concentrations. Compound formation would slowly occur with the assistance of convection currents.2' We shall consider first some possible reactions involving the 1,3-biradical form of hydrogen cyanide dimer. A thermodynamically favored reaction would be polymerization by head-to-tail coupling to yield a polymer with a -C-C-Nbackbone. Polymerization by head-to-head coupling would be unlikely because of the instability of the N-N bonds that would be formed.'8 Once the -C-C-N-backbone was formed, the polymer would tautomerize to a polymer possessing a repeating carbene unit,22 which would react with hydrogen to yield a polymer that would be a precursor of polyglycine :23 Proposed mechanism for the formation of adenine from hydrogen cyanide
Reactions of the 1.1-biradical form of hydrogen cyanide dimer with other radical species could yield aminoacetonitriles, from which racemic mixtures of amino acids would later be formed by hydrolysis.
These postulated mechanisms suggest that hydrogen cyanide dimer is a versatile intermediate in reactions leading to the formation of many classes of compounds containing hydrogen, carbon, and nitrogen. Of biochemical significance is the formation of precursors of proteins, purines etc. from the 1 3-biradical form. Since such reactions would occur readily in a reducing atmosphere even in the absence of water, it is probable that similar reactions are now occurring in the methane-ammonia atmospheres" 3, 21 of Jupiter and Saturn.
As the surface temperature of the earth increased, '19 20 leading to an increased concentration of water vapor in the atmosphere, active species such as the radicals -OH, 0, : CO. etc. would be formed in the activated upper layers. These species would react with the side chains and imino groups of the polymeric molecules already described to yield proteins. The hydrolysis of imino groups present in other compounds would occur to give oxygenated compounds such as purines and pyrimidines.
Other metastable species would also be formed such as monohydroxycarbene, which has previously been recognized3O as an important bivalent intermediate. 
It is our belief that organic compounds were originally synthesized from reactive species formed by solar irradiation of the reducing atmosphere of the primitive earth. Synthesis occurred in three overlapping stages brought about by the gradual warming of the earth's surface. During each stage, simple compounds as well as polymers were formed.
Initially, in an atmosphere of hydrogen and methane (with ammonia and water frozen on the surface of the earth), hydrocarbons were formed, both aliphatic and aromatic. As the concentration of ammonia in the atmosphere increased, compounds containing nitrogen were formed by the modification of existing hydrocarbons and by reactions of newly formed intermediates. Of special significance in this second stage was the ready formation of hydrogen cyanide dimer. New classes of compounds were formed, including cyclic bases, and polymers with the -C-C-N-backbone. In the third stage, as the concentration of water in the atmosphere increased, previously formed products were modified to yield such biochemically important compounds as purines and proteins. New classes of compounds such as the sugars were formed from new reactive species.
During these three stages, the organic compounds necessary for the evolution of living matter were abundantly formed in the atmosphere. As this organic dust settled on earth, the process of organization leading to life began. In his paper, Pail uses the following formula for the current density in a plasma, i = a(E + Acq X H) = J-Peq (9, Pai) giving as his reference the equation (1) in a paper by Chandrasekhar:2 j = a(cE + AuU X H) + PeU/C.
(1, Chandrasekhar)
Of course, when PeU/C is negligible compared to o-times the term in parentheses, Pai is quite right in neglecting it. But in situations like those arising in dealing with thermonuclear fusion, where the necessary bounding walls are at a low temperature so that they only receive ions and electrons and do not return them to the discharge, PeU/c is not at all negligible compared to a times the parenthesis.
As an example, I may cite the type of discharge I describe on page 314 of my paper,3 which was examined experimentally many times. Here, although insulated, the bounding cylinder received half the positive ions emitted by the low-voltage central arc. The rest of the positive ions were received by end plates kept at a high enough negative electric potential referred to the arc, so that they received no electrons. The ions received by the bounding cylinder had traveled over a quite open spiral path to deposit half their initial number to the bounding wall. Here, the term peq of Pai and peU/c of Chandrasekhar is definitely large compared to o-times the parenthesis, so that the a term may be neglected in the formula for the current.
I have been interested in checking the formula for the current given by Ferraro in his paper.4 The meaning of his terms are explained in his paper. The equations for the motion of the positive ions and the electrons are 
